In this paper, the flow behavior of viscoelastic fluid in asymmetric planar contraction geometry is studied by flow visualization and PIV measurement. Experiments are carried out for three channels of different contraction widths. The experimental results indicate that the flow field in the contraction channel is characterized by the Weissenberg number to Newtonian-like flow, transitional flow and vortex formation flow. It is found that the vortex formation flow occurs over the critical Weissenberg number, which is independent of the Reynolds number. However, the critical Weissenberg number decreases with increasing the contraction width due to the influence of velocity acceleration in the entry channel in the upstream of the contraction.
Introduction
Contraction flows of viscoelastic fluid are important in polymer processing, such as injection moulding, melt spinning and film blowing in industrial applications. Particular interests have been placed on the characterisation of entry flows in axisymmetric contractions, which are fundamental geometries of contraction flows. Therefore, the vortex formation in the entry flows of axisymmetric contractions has been studied by flow visualization experiments (1) - (3) and numerical simulations (4) - (6) . Although the numerical simulations reproduce the main features of the vortex formation of viscoelastic flows, the quantitative comparison of the flow field has not been studied in literature due to the lack of quantitative experimental data (7) . On the other hand, there are very few studies on the vortex formation in the entry flow of asymmetrical planar contractions (8) , (9) , which are often encountered in the practical molding geometry. Such literature survey demonstrates an importance of quantitative experimental data for the entry flow of asymmetrical planar contraction flows. In the past, the flow visualization studies have been carried out to study the flow behavior of the vortex formation of the viscoelastic fluids (1) - (3), (7) . Although the flow visualizations are powerful tools for studying the flow mechanism of viscoelastic instability, the details of the flow field cannot be fully understood due to the lack of quantitative velocity data. In recent years, the velocity measurement by particle image velocimetry have been introduced for characterizing the entry flow of contractions both for Newtonian (10) - (13) and non-Newtonian fluid flows (7) - (9), (14) .
Rodd et al. (7) studied the flow behavior of the viscoelastic flow in a wide range of Weissenberg number and Reynolds number by using flow visualization and micro-PIV measurement, but it was a case of symmetric planar contraction. They found that corner vortices were generated in the entry flow in the upstream of the contraction at higher Weissenberg number. Later, experiments for entry flows in an asymmetrical planar geometry are carried out by Anazawa et al. (8) , (9) using flow visualization and PIV measurement, because the asymmetrical planar geometry to avoid the vortex formation is essential in slot die coating. Their experimental study focussed on the flow behavior of viscoelastic fluid in the entry channel of asymmetric planar contraction. They showed that the vortex formation occurred near the corner of the entry flow for Weissenberg number larger than 30, which is independent of the Reynolds number. However, this critical Weissenberg number may be influenced by the contraction width, because the vortex formation is known to be influenced by the contraction width (5) , (6) in symmetric channels.
Therefore, further study on the flow characterization of the viscoelastic flow in the asymmetric planar contraction geometry is an important topic. In this study, the flow behavior of the viscoelastic flow in the asymmetric planar contraction at various contraction widths is studied by flow visualization and PIV measurement. An attention is focused on the influence of the contraction width of the entry channel on the vortex formation. Figure 1 shows an experimental system for flow visualization and PIV measurement in asymmetric planar contraction. It consists of a test section of asymmetric planar contraction, a syringe pump and a liquid tank, a CCD camera and an illumination source, such as a halogen lamp or Nd:YAG lasers. The volumetric flow rate of the working fluid is controlled by the syringe pump. The flow geometry and the dimensions are shown in Fig. 2 . The channel is made of acrylic resin for the flow visualization purpose. The entry channel has a square cross-sectional area of 5 mm × 5 mm, which is converged to the exit channel at the contraction. Three contraction widths of H 0 = 408, 566, 728 µm, which were determined from the actual size of the slot die, were employed in the exit channel by keeping the channel height to 5 mm. Note that the length of the downstream channel is set to 10 mm, and the flow exits to the atmosphere. The origin of the coordinates x, y, z are set to the entrance of the contraction, where y is the streamwise direction, x is the normal direction and z is the spanwise direction. 
Experimental methods

Experimental apparatus
Flow visualization and particle image velocimetry
Flow visualization of a viscoelastic fluid was carried out to characterize the entry flow field. Tracer particles of acrylic resin material having 10 µm in diameter were added to the test working fluid. The flow observation is made by a monochrome CCD camera, which has spatial resolution 1018 × 1008 pixels with 8 bit. An illumination was provided by a halogen lamp. The observation of streaklines was made with a long exposure time setting as long as 10 -100 ms depending on the flow rate.
Quantitative measurement of the flow field was carried out by using PIV. The position of the measurement plane is set to the middle plane (x-y plane) of the channel. Note that the flow patterns in the other positions of z were observed almost the same as that in the middle plane except for the regions near the side walls. Particle images were taken by the CCD camera in combination with the double pulsed Nd: YAG lasers (532 nm, 15 mJ/pulse, 15 Hz). The timings of camera exposure and laser emission were controlled by a pulse generator. The thickness of the light sheet is about 1 mm. The images of the particles were acquired through a long focal length microscope with a magnification factor 4.5. The observation area of the flow visualization and the PIV measurement was set to an area of 5 × 5 mm 2 . The depth of field is about 400 µm (15) . For the velocity measurement, the time interval between sequential two PIV images was set to 0.05 -1 ms, which corresponds to the average particle displacement of 5 -7 pixels.
In the PIV analysis, the direct cross-correlation algorithm is employed with a sub-pixel analysis based on the Gaussian peak fitting. The interrogation window size was set to 31 × 31 pixels and the search area was set to 15 × 15 pixels. The interrogation window was located in the image with every 50% overlap of the window size. The error vectors were removed by considering the magnitude and the direction of the 8 surrounding velocity vectors. The removed velocity vectors were less than 1% over the whole velocity vectors. Time-averaged velocity fields were obtained from 300 realizations, which were taken at every 0.1 s.
Fluid property
The viscoelastic fluid used in this study is the aqueous solution of polyethylene glycol (PEG, molecular weight 8 × 10 3 g/mol), which is mixed with polyethylene oxide (PEO, molecular weight 4 × 10 6 g/mol). This mixture fluid, which is named as Boger fluid, was proposed by Dontula et al. (16) as a liquid for the study of elasticity in coating flows. The characteristics of this fluid are nearly constant shear viscosity and adjustable elasticity. The rheological properties such as viscosity of the solution η 0 and relaxation time λ can be varied easily by varying the concentration of PEG and PEO. In this study, the concentration of PEG was almost constant as 30 wt. % and the concentrations of PEO were varied from 0.002625 to 0.0525 wt. %. The rheological properties of the three dilute solutions used in the present experiment are shown in Table 1 , where ρ: density, η s : viscosity of the solvent. The shear viscosity was measured in a rheometer with a cone-and-plate fixture and are shown in Fig. 1 of Anazawa et al. (18) . Note that these rheological properties were evaluated at temperature T = 298 K. Three dimensionless parameters are used to characterize the flow in asymmetric planar contraction, that is the Weissenberg number Wi (= 2λ zimm Q 0 /(LH 0 2 )), the Reynolds number
) and the elasticity number El (= Wi/Re = 2λ zimm η 0 /(H 0 2 ρ)), where Q 0 is flow rate. These parameters were employed to summarize flow conditions of previous works on viscoelastic entry flows in axisymmetric, planar and square geometries (7) . The shear viscosity η 0 in Re is not rate-dependent in Boger fluid. The relaxation time λ zimm in Wi is evaluated from the concentration and molecular weight of the polymer according to the Zimm theory for dilute solution (17) . Therefore, both Wi and Re vary linearly with characteristic velocity, and El is dependent only on fluid properties and the characteristic length scale of the channel. Figure 3 shows three examples of streamlines in asymmetric planar contraction at some combinations of Weissenberg number Wi and Reynolds number Re. These flow fields were obtained from the direct flow observation by a CCD camera, which is superimposed by the streamlines obtained from the analysis of PIV measurement. The agreement of these visualizations indicates the validity of the experimental technique and the digital image analysis used in this study. Note that these experimental results are taken in the contraction channel having the contraction width of 408 µm and with the test fluid No. 2. The flow field shown in Fig. 3(a) corresponds to the Newtonian-like flow, which is found at lower Wi and Re. The flow pattern is very similar to that observed in a viscous flow at lower Reynolds number. With an increase in Wi and Re, i.e. flow rate, the flow field starts deviation from the Newtonian-like flow, which is shown in Fig. 3(b) . The growth of separation region occurs near the corner of the contraction. With further increase in Wi and Re, the vortex formation occurs in the corner of the contraction channel, which is shown in Fig.3(c) . The boundary of the Newtonian-like flow and the transitional flow can be found in the change of the flow pattern near the contraction, and that of the transitional flow and the vortex formation flow is found by the presence of a steady vortex in the corner of the entry channel. It should be mentioned that the transitional flow suffers from the influence of unsteady motion of the flow, so that there is a small uncertainty in the determination of the boundaries of the categorization. 
Results and discussion
Classification of flow patterns by flow visualization
Flow pattern variation in asymmetric contraction flows
The variation of flow patterns in the asymmetric contraction was studied by flow visualizations in a wide range of Weissenberg number and Reynolds number to clarify the influence of contraction widths on the vortex formation. In the asymmetric channel of H 0 = 408 µm, the vortex formation occurs at Wi = 50 ± 10, which is almost independent of the variations of Re (Fig. 4(a) ). When the channel width increases to H 0 = 566 µm (Fig. 4(b) ), the qualitative nature of the flow pattern variation follows the same trend as the case H 0 = 408 µm, but the vortex formation occurs at Wi = 20 ± 5. With further increase in channel width to H 0 = 728 µm (Fig. 4(c) ), the transitional flow occurs at Wi = 5 ± 1. The detailed examination of the flow pattern variations indicates that the boundary between the Newtonian-like flow and the transitional flow shows the dependency on the Reynolds number, that is the lower critical Weissenberg number decreases with an increase in Reynolds number. Moreover, the dependency of the lower Weissenberg number is clearly seen for the wider channel width. However, the upper critical Weissenberg number stays almost independent of the Reynolds number for all the channel widths. This behavior implies that the occurrence of the vortex formation flow is independent on the fluid viscosity, while that of the Newtonian-like flow depends on the fluid viscosity as well as the fluid elasticity and shear rate. number shows the dependency on the Reynolds number, the influence of contraction width is more effective to the change of the critical Weissenberg numbers. The present result shows that both the critical Weissenberg numbers decreases with an increase in the contraction width in the limited range of the contraction ratio (CR = 6.9 -12.3), which corresponds to that of practical interests for coating flow. This result agrees qualitatively with the numerical simulation (6) for the symmetric contraction, considering the viscoelasticity of the fluid by using the Oldroyd-B and Phan-Thien-Tanner constitutive equations. Therefore, the influence of contraction width on the critical Weissenberg number is caused by the viscoelasticity of the fluid.
PIV measurement of the flow field
Figures 6 to 9 show the velocity fields obtained from the PIV measurement in the asymmetric contraction for the small width 408 µm (Figs. 6 and 7) and the large width 728 µm (Figs. 8 and 9 ). Each figure consists of the velocity vector map (a), the combined image of streamlines by tracer method and PIV measurement (b) and the contours of velocity magnitude (c).
Figures 6 and 7 are the velocity fields of the Newtonian-like flow and the vortex formation flow at small contraction H 0 = 408 µm, respectively. In the case of Newtonianlike flow (Fig. 6) , the velocity field in the upstream of the channel shows a symmetric distribution (y/L = -1), and it gradually directs to the contraction followed by the acceleration of velocity field near the contraction. Therefore, the line of maximum velocity directs from the channel center to the contraction (the red line in Fig. 6(a) ). With an increase in flow rate (Fig. 7) , the Weissenberg number and the Reynolds number increase, which results in the vortex formation in the corner of the channel. Due to this vortex formation, the flow pattern in the entry channel shows a strong inclination to the contraction side, so that the line of maximum velocity shifts to the contraction side even in the upstream of the channel (y/L = -1). It is seen that the flow in the channel corner is almost in a stagnant condition and rotating slowly in clockwise direction.
When the contraction width is large H 0 = 728 µm (Figs. 8 and 9 ), the velocity field in the channel varies from the Newtonian-like flow to the vortex formation flow with increasing the Weissenberg number and Reynolds number, which is similar to the small contraction case in Fig. 6 and 7 . However, the contour of velocity magnitude indicates quantitative difference in the velocity acceleration along the line of maximum velocity. This difference is caused by the influence of contraction ratios, which are 12.3 for small contraction width H 0 = 408 µm and 6.9 for large contraction width H 0 = 728 µm. Thus, the flow field in the small contraction width is influenced by the high acceleration in the entry flow, which causes large extensional rate. Due to small extensional rate in the large contraction width, the vortex formation occurs at lower Weissenberg number than the case of small contraction width. Therefore, the influence of the contraction width on the critical Weissenberg number is considered to be due to the variation of the extensional rate. 
Conclusions
The flow behaviors of viscoelastic flows in asymmetric planar contraction geometries were investigated by flow visualization and PIV measurement, and the influence of contraction width on the vortex formation was studied. Experimental results showed that the entry flow to the contraction was varied from a Newtonian-like flow to a vortex formation flow through a transitional flow, with increasing in Weissenberg number and Reynolds number. It was found that the upper critical Weissenberg number for the onset of vortex formation, which was independent of the Reynolds number, decreased with increasing the contraction width in the range of the contraction ratio (CR = 6.8 -12.3). The lower critical Weissenberg number shows the similar behavior to the upper one, but it depends slightly on the Reynolds number. The observation of the velocity field in the vortex formation flow indicated that an attached flow pattern was generated along the wall of contraction and the stagnant vortical structure covered the half corner of the entry channel, suggesting the wider upstream influence of the contraction by the onset of the vortex formation. Therefore, the influence of the contraction width on the vortex formation can be greatly amplified by the different velocity acceleration process by the influence of entry channel width. Due to the low acceleration in the velocity field for the large contraction width, the vortex formation occurred at lower Weissenberg number than the case of small contraction width.
